Recent experiments show that spin-polarized current may influence the state of generally accessory element of spin-valves -an antiferromagnetic (AFM) layer, which is used for "pinning". Here we study the dynamics of AFM component of the "pinned" ferromagnetic (FM) layer induced by simultaneous application of the spin-polarized current and external magnetic field.
I. INTRODUCTION
Spin transfer torque (STT) is the torque that is applied by non-equilibrium spin-polarized conduction electrons onto a magnetic layer 1-3 . This effect creates, for example, the ability to switch nanoscale magnetic devices at GHz frequencies and stimulate emission of microwaves by steady electric current 4, 5 . Key elements of the spintronic devices, that enable an information coding, control and manipulation by an electric current, are two ferromagnetic (FM) layers. The "pinned" layer acts as a polarizer for conduction electrons, while the state of a "free" layer may be altered by STT. However, recent experiments [6] [7] [8] [9] [10] give an indirect evidence that the spin-polarized current may also influence the state of another, generally accessory, element -an antiferromagnetic (AFM) layer, which is used for "pinning".
The characteristic value of current density at which the switching of AFM state takes place varies from 10 5 A/cm 2 (for an insulating AFM and current-in-plane geometry 9 ) to 10 8 A/cm 2 (for a metallic AFM and current-perpendicular-to-plane geometry 6 ) and, in principle, can be smaller than the critical current density in the similar giant magnetoresistive structures without an AFM layer (∝ 10 7 ÷ 10 9 A/cm 2 , Refs.11 -13) . Spinpolarized current also affects both the exchange bias and the coercive field of "free" FM layer 14 . Combined application of spin-polarized current and external magnetic field gives rise to various switching scenarios depending on the thickness, sequence and material of FM and AFM layers 14 . On the other hand, the physical mechanism and details of such a nontrivial dynamics are still unclear.
Due to the efforts of several theoretical groups [15] [16] [17] [18] the concept of STT is extended to the systems with i) different types of magnetic ordering, including nonuniform and disordered FM (that, in principle, could be further extended to the magnetic systems with noncollinear and, probably, AFM spin ordering); ii) different nature of the magnetic ordering and interaction between the charge carriers and spins, i.e., sd-exchange in the magnets with localized spins or itinerant magnetism in the transition metals. It also became clear that the STT phenomena could result from the atomic scale spin dependent scattering (i.e., hopping of a conduction electron between the sites with different directions of the magnetic moments). In some particular cases an AFM can even work as a polarizer for conduction electrons and exert spin torque on the adjacent FM or AFM layer, as it was predicted in Refs. 16 and 17 . However, all of the published calculations are based on assumption of quantum coherence and so, are applicable to the perfect samples with ideal interfaces.
In our previous paper 19 we proposed the phenomenological model that describes the current-induced phenomena in AFMs on the same footing as in FM materials. It was assumed that the total angular momentum is conserved during an interaction of spin-polarized transport electrons with each of magnetic sublattices.
In the present paper we apply this model for the description of the precessional switching processes induced by simultaneous application of the spin-polarized current and external magnetic field to an AFM component of the "pinned " layer depicted in Fig. 1(a) . Our chief aim is to study the different static and dynamic regimes of AFM layer and to find the way to induce a stable precession of an AFM vector starting from a certain configuration of FM/AFM bilayer. We also try to find similar and different features in the current-induced dynamics of FM/FM and FM/AFM bilayers. We anticipate our approach to be a starting point for a more comprehensive analysis of the multilayered magnetic systems in the presence of high-density current. For example, joint behavior of the FM and AFM layers could be analyzed, with account of the exchange bias coupling.
II. SPIN TRANSFER TORQUE IN THE MULTISUBLATTICE MAGNETS
According to Berger 1 and Slonczewski 2,3 , the physical mechanism of STT in ferromagnets can be explained in the following way. When a free electron transverses (or reflects from) an interface between the nonmagnetic (NM) and FM layers, its spin state can be reversed due to exchange interaction with the localized magnetic moments of FM. This process results in rotation of the localized moments in a way that ensures conservation of the total spin of the system.
Generalization of the Berger's and Slonczewski's ideas to the case of multisublattice materials is not straightforward due to more complex character of the magnetic ordering. Particularly, in AFMs the direction of the atomic magnetic moments varies on the length scale of atomic distances leading to zero net magnetization if averaged over few lattice constants. However, just as in FMs, the spin-polarized electrons transfer spin torques on each of atomic sites 16, 18, 20, 21 . The magnetic structure of AFM may be described with the use of a few macroscopic vectors M j (in the simplest case j = 1, 2) called the sublattice magnetizations (per unit volume) that are formed due to strong exchange coupling. So, it seems reasonable to assume that while entering an AFM, the conduction electron transfers spin angular momentum to any of the magnetic sublattices (see Fig. 1b ). Corresponding STT T j exerted by the j-th sublattice is then presented in a standard form as follows:
where J is the current spin-polarized in p cur direction, |p cur | = 1, the constant σ j = ε γ/(2M 0j V e) is proportional to the efficiency ε of scattering processes, V is the volume of AFM region, is the Plank constant, e is the electron charge, γ is the modulus of the gyromagnetic ratio, and M 0j = |M j | is the saturation magnetization of j-th sublattice (the value of M 0j is supposed to be unchanged under external fields). Positive current (J > 0) corresponds to injection of electrons into AFM layer. Then, the dynamics of AFM can be described by a set of Landau-Lifshitz-Gilbert equations for M j vectors supplemented with the Slonczewski term (1):
where H j ≡ −∂w/∂M j is the "generalized force" (an effective local field acting on the magnetic moment of a sublattice) and w is free energy (per unit volume) of an AFM layer. For the sake of clarity we describe relaxation of an AFM layer in the simplest form, with the use of a single Gilbert damping parameter α G equal for all magnetic sublattices (although the relaxation mechanisms in AFM crystals are very complicated and diverse 22 .) The last two terms in r.h.s. of Eq. (2) are responsible for dissipation processes in the AFM layer. To illustrate this fact we calculate the rate of free energy losses in assumption that dissipation is small and in zero approx-
In principle, Eqs. (2), (3) could be used for description of different complicated magnetic structures (compensated AFMs, weak FMs, ferrimagnets). In the limiting case of the completely equivalent sublattices (M 1 = M 2 = . . .) the set of equations (2) turns into a standard Landau-Lifshitz-Gilbert-Slonczewski equation for FMs.
In the particular case of AFM with two magnetic sublattices it is more suitable to rewrite Eqs. (2) in terms of macroscopic magnetization (FM vector 
Here H M = −∂w/∂m is an effective magnetic field within an AFM layer that includes an external magnetic field, H L = −∂w/∂l is a magnetic anisotropy field conjugated to an AFM order parameter, and
Equations (4), (5) describe the dynamics of FM and AFM vectors in the presence of spin-polarized current and generalize the Landau-Lifshitz-Gilbert-Slonczewski equation for the systems with more than one magnetic sublattice. In what follows we base our considerations on these equations.
III. MODEL
Let us consider a pinned layer (Fig. 1a) of a typical exchange-bias spin-valve that includes an AFM layer whose thickness d AFM is much smaller than the characteristic scale of the magnetic inhomogeneity. On the other hand, d AFM is large enough to ensure an AFM ordering within the layer. High current densities are achieved in a small region (10÷100 nm in diameter), in which both FM and AFM layers could be considered as a single domain. In the case of a moderate pinning (i.e., when the magnetic anisotropy of FM is comparable with the unidirectional anisotropy induced by exchange bias) the FM works as a spin-polarizer whose state is not affected by the precession of AFM vector in the adjacent layer. So, magnetization of the FM layer is assumed to be fixed and is described by the vector p cur . In our analysis we take into account the fact that AFMs (e.g., FeMn, IrMn) widely used in spintronic devices show strong exchange coupling (corresponding exchange field H E ≫ H L ) between the different magnetic sublattices that keeps magnetizations M 1 and M 2 almost antiparallel even in the presence of the external field H 0 ≪ H E . In this case the state of AFM is described by the only vector order parameter l, and far below the Nèel temperature |l| ≈ 2M 0 . Spin-polarized current and/or external magnetic field induce small tilt of the sublattice magnetizations (Fig. 1b) formally described by the FM vector m. Vector |m| ≪ |l| is a slave variable and can be expressed from Eq. (5) as follows (see Appendix A for details):
where H 0 is the external magnetic field (which, particularly, can be induced by Oersted field of a current). Substitution of the expression (6) into Eq. (4) gives rise to a closed equation for AFM vector:
Equation (7) describes a solid-like motion of AFM vector in which |l| is almost unchanged. Nevertheless, due to additional (compared to FM) degrees of freedom, this equation differs from the standard Landau-Lifshitz-GilbertSlonczewski equation for FM vector M (see (2) for j=1) in order (includes the 2-nd order derivative of the dynamic variable,l instead ofṀ). Analysis of the last term in (7) shows that the currentinduced contribution is proportional to the AFM order parameter (vector l). Thus, one can expect the influence of spin-polarized current on the dynamics of AFM vector to be at least as strong as in FM materials (other things being equal). Moreover, the current-dependent (STT) term in the r.h.s. of Eq. (7) contains large multiplier H E . This is manifestation of the so-called effect of exchange enhancement when some interactions (e.g., gap values, spin-phonon coupling) are more pronounced in AFMs than the analogous interactions in FMs 23 .
IV. DYNAMICS OF AFM VECTOR WITHIN THE LAGRANGE APPROACH
An effective formalism for investigation of AFM dynamics is based on the use of Lagrange formalism 24 . Equation (7) can be regarded as an Euler-Lagrange equation of the second kind in the presence of dissipative external forces (see Appendix B). Corresponding Lagrange function has a form
Here w an (l) is the energy of magnetic anisotropy (per unit volume). To take into account the effect of STT that can work both as a source or drain of energy for an AFM layer, we deduce from (3) the dissipative Rayleigh function (see Appendix B)
that describes the rate of the energy losses
Analysis of dissipative function (9) shows that STT phenomena in AFM have one general property which is not peculiar to FM. While STT always changes the energy of FM layer, some types of motions in AFM could be nondissipative even in the presence of spin-polarized current. Linearly polarized oscillations of the vector l, sketched in Fig. 1c , give an example of nondissipative mode (neglecting the internal damping). And, vice versa, the most effective energy pumping induced by the current takes place for any precessional, circular polarized motion of AFM vector in the plane perpendicular to the direction of current polarization p cur (see Fig. 1d ).
V. STABILITY DIAGRAM
To illustrate the peculiarities of non-dissipative and dissipative current-induced dynamics, we analyze stability of the state with parallel orientation of AFM and FM vectors, p cur l, for two different configurations of the external magnetic field H 0 , depicted schematically in Figs. 1c,d . For the definiteness, an AFM layer is supposed to have slightly tetragonal (almost cubic) anisotropy induced, e.g., by the shape effects or/and interaction with the neighboring layers (including possible influence of the exchange bias). Two easy axes (Z and Y ) are parallel to the film plane. In this case the magnetic anisotropy energy w an is modeled with the following expression
where H an is the intrinsic anisotropy field within the film plane and the small out-of-plane anisotropy field H an⊥ ≪ H an is responsible for weak tetragonality of the sample. In the absence of field and current a single AFM layer has two equivalent equilibrium orientations of AFM vector (see Fig. 2a, b) : l Z and l Y (as can be easily obtained from minimization of the magnetic energy (11)). Correspondingly, a FM/AFM bilayer has two stable configurations 25 with l p cur (Fig. 2a) and with l ⊥ p cur (Fig. 2b ). These two configurations should have different macroscopic properties (e.g., different magnetoresistance, different exchange bias field, etc.) and in this sense are analogous to the parallel (P) and antiparallel (AP) configurations of FM/FM multilayers (Fig. 2  c,d ). In analogy with FM/FM systems, the reversible switching between the l p cur and l ⊥ p cur states can be achieved by application of the external magnetic field to the free (in our case, AFM) layer.
The switching field should be oriented parallel to AFM vector, its critical value coincides with the spin-flop transition field H s−f = 2 H an H E for AFM layer (also exchange enhanced). When the current is injected into bilayer, configuration with p cur l is still equilibrium, but not necessarily stable. To find the values of critical current and field, we analyze the frequencies of eigen modes of AFM layer (magnetization of FM layer p cur and, correspondingly, the current polarization being fixed).
A. Configuration H0 ⊥ l In the crossed initial orientation H 0 ⊥ l (Fig.1c ) the linearized equations of motion for the generalized coordi-
/2) take the following form:
Here γ AFM ≡ γH E α G /2 ≪ ω X,Y is a damping coefficient that can be estimated from the line-width of AFM resonance, ω H = γH 0 . The values ω X = 2γ (H an⊥ + H an )H E , ω Y = 2γ H an H E are the eigen frequencies of free oscillations in the absence of field and current that also could be measured in AFM resonance experiments. It is worth noting that the values of eigen frequencies are enhanced due to exchange coupling (multiple H E ) compared to analogous values in FM with the same value of anisotropy field.
Equations (12) describe the case when the magnetic field is directed along the hard anisotropy axis, H 0 X. Configuration with H 0 Y (field is parallel to an easy axis) is treated in an analogous way.
It can be easily seen from (12) that below the critical current
the eigen modes have linear polarization and correspond to oscillations of vector l within XZ or Y Z plane (Fig. 1c) . In this case the spin torque transferred from the current affects the eigen frequencies of spin excitations,
but does not affect the effective damping coefficients (as it is the case in FM). It should be stressed that in the absence of external field the value of critical current depends upon anisotropy
is parallel to an easy axis) or weakens (if H 0 is parallel to a hard magnetic axis of AFM) the effective anisotropy. So, magnetic field can be used for control of the critical current. If anisotropy is weak (H an⊥ ≪ H an , or, equivalently, |ω X − ω Y | ≪ ω Y ), it can be effectively reduced with the field whose value is much less than the spin-flop one, H 0 ≪ H s−f .
Above the critical current, |J| ≥ J
cr , polarization of free oscillations changes from linear to circular (elliptic) and STT contributes into the energy dissipation. For one of two modes of free oscillations the current-induced pumping competes with the internal damping. Starting from the critical value
the average energy losses per oscillation period are negative (pumping is greater than damping) and the state with the parallel alignment of current polarization and AFM vector becomes unstable.
As seen from Eq. (15), the value of critical current J (2) cr is independent on the directions of current, field and spin polarization (p curr ), in contrast to the threshold current for FM.
B. Configuration H0 l
Another type of dynamics is observed in the case when the field is applied parallel to l (Fig. 1d) . In this case polarization of eigen modes is circular (or elliptic) even for J = 0, as follows from symmetry considerations and from analysis of equations of motion written in terms of appropriate generalized coordinates l ± = l X ± il Y :
So, oscillations of l can actively take up an energy from the current and STT affects the damping coefficient, not the frequency of oscillations. Instability point is attained as soon as the spin-polarized current overcomes the effect of internal friction. Fig. 3a) shows the field-current stability diagram for the case of isotropic AFM (H an⊥ = 0 and, correspondingly, ω X = ω Y ). Within the shaded area
the static state with l p cur Z is stable. Above the critical value, |J| ≥ |J cr |, where
the current may keep up a stable rotation of AFM vector around p cur (Fig. 3b) . Sign reversal of STT (resulted from the reversal of either direction of current, J → −J, or direction of polarization, p cur → −p cur ) gives rise to rotation in opposite direction. If the field value is greater than spin-flop field, |H 0 | ≥ H s−f , the state with l H 0 is unstable even in the absence of current and in the final state the AFM vector is perpendicular to H 0 and p cur . These results also keep true for small but nonzero anisotropy H an⊥ . The current-induced precession of l vector is also stable in the "high-field" region, |H 0 | ≥ H s−f . However, detailed analysis of the dynamical phases and transition lines in this region is out of scope of this paper.
Some features of the current-induced instability in configuration with l H 0 are similar to those observed in FM/FM bilayers. First, in both cases the stability region is defined by an internal friction which stands up against the current-induced rotations 26 . Second, the value of critical current linearly depends on the field 12, 27 . Thus, application of the magnetic field results in variation of the critical current and opens a possibility to reduce J cr , as seen from Fig. 3a .
On the other hand, there are still few principal differences between FM/FM and FM/AFM bilayers listed below.
• In the FM/FM bilayer (one FM layer being fixed) switching between P and AP states can be achieved by application of either field or current (Fig. 4a) . In contrast, in the FM/AFM bilayer switching between l p cur and l ⊥ p cur states can be achieved by a combined application of field and current (Fig. 4b) . Namely, the current induces transition only from l p cur to l ⊥ p cur because the last state is stable in the presence of current. To reverse l vector back to l p cur configuration, one needs to apply an external field H 0 ≥ H s−f parallel to l (spin-flop transition).
• In the FM/FM bilayer the direction of current (from fixed to free layer or opposite) is important, P → AP and AP → P transitions take place at opposite directions of current (Fig, 4a) . In contrast, in the FM/AFM bilayer destabilization of l p cur state takes place irrespective of the current direction (Fig. 4b) . However, an external magnetic field removes such a degeneracy.
• The bilayers with AFM should show exchange reduction of the critical current compared to FM/FM bilayers providing that the free FM and AFM layers have the same magnetic resonance frequencies (or anisotropy field of FM is close to spin-flop field of AFM) and the same quality factor (= ω/γ AFM ), as can be seen from Eq. (18).
VI. DYNAMICS IN OVERCRITICAL REGIME
A FM layer subjected to the direct spin-polarized current shows one interesting effect -stable precession of magnetization with the angular frequency close to the frequency of spin-wave mode 4, 5 . To find out whether such an effect could be observed in AFM, we consider in details the dynamics of AFM vector in overcritical regime (|J| > |J cr |) assuming that p cur H 0 Z.
We use the standard parametrization of AFM vector with the spherical angles θ and ϕ, l X = 2M 0 sin θ cos ϕ, l Y = 2M 0 sin θ sin ϕ, l Z = 2M 0 cos θ, to deduce the following dynamic equations:
As it was already mentioned, an AFM under consideration is an oscillator with the high quality factor (ω X,Y ≫ γ AFM ). In other words, energy dissipation takes place on the time scale much greater than the characteristic period of free oscillations. In this case for analytical treatment of Eqs. (19) one can apply the asymptotic method of rapidly rotating phase originated by Bogolyubov and Mitropolskii 28 . According to this method, the motion of AFM vector is decomposed into rapid rotation with the frequency Ω ∝ ω X,Y and slow variation of amplitude and frequency with the characteristic time scale ∝ 1/γ AFM . In the simplest case of isotropic AFM (H an⊥ = 0, or ω X = ω Y ) the only rapid variable is ϕ = Ω(t)t. Equations for slow variables Ω(t) and θ(t) (Ω,θ ≪ Ω) are obtained from (19) by averaging over the period of rotation:
If, in addition,Ω ≪θ, the first of equations (20) describes 1D motion (dynamic variable θ) in a potential well (see Fig. 5 ) Equations (20) have two interesting solutions. The first one, corresponds to the circular polarized free oscillations of AFM vector with an amplitude θ = θ 0 ≪ 1 and eigen frequency Ω 0 ≡ ω X +ω H . However, in overcritical regime an amplitude θ 0 growth with an increment proportional to the offset from the critical current value:
The second solution with θ = π/2 corresponds to steady rotation of AFM vector in XY plane (l Z = 0) with the angular frequency Ω ∞ = (J/J cr )Ω 0 . Energy dissipation per period of rotation is zero, due to the pretty balance between the magnetic damping and current-induced pumping. This solution is stable when |J| > |J cr |, as can be seen from analysis of the potential U (θ; Ω). Small deviations of AFM vectors from XY plane (|θ − π/2| ≪ 1) relax due to internal friction as
where ψ is a phase that depends upon initial conditions and
So, the state of steady precession is approached during the time 1/γ AFM that depends upon the internal magnetic damping. To illustrate all the described peculiarities of AFM dynamics in the presence of spin-polarized current we solve the original Eqs. (19) numerically with the initial conditions θ = θ 0 = 0.001, ϕ = π/2,θ = 0 andφ = Ω 0 . In other words, at t = 0 an AFM vector deflects from equilibrium orientation l Z through the small angle θ 0 ≪ 1 within the ZY plane. Initial velocity corresponds to that mode of free oscillations which is unstable for the chosen current direction. For calculations we used the following dimensionless values: ω X = ω Y = 6.28 and γ AFM = 0.314 (that corresponds to the quality factor 
20).
Time unit equals to the period of free oscillations in the absence of field and current. Fig. 3b shows a typical trajectory of AFM vector (normalized to a unit length) in the presence of steady current J = 2.5J cr < 0 and field H = 0.2H s−f . With the described initial conditions, the motion of l vector starts as a rotation around Z axis with the eigen frequency Ω 0 of free oscillations. Due to the energy pumping from STT, an amplitude of oscillations (l projection on XY plane) slowly increases with an increment τ (see Eq. (22)).
The final state (t → ∞) corresponds to the above described steady rotation of AFM vector in XY plane (l Z = 0) with the angular frequency Ω ∞ . In analogy with FM, such a precessional state of an AFM layer can be a source of spin waves. In contrast to FM, the angular frequency Ω ∞ is proportional to the current value. The absolute value of Ω ∞ is greater than the characteristic spin-wave frequency (∝ Ω 0 ) which in AFM can range THz values (e.g., for bulk FeMn the energy gap is 7 meV 29 that corresponds to linear frequency ∝2 THz). So, FM/AFM bilayer can be considered as a potential emitter of high frequency spin waves.
Figs. 3c and 3d illustrate the time evolution of the rotation frequency Ω and the component l Z between the initial and final states. Due to nonlinear effects, deflection of l from the initial direction is accompanied by decrease of Ω. At a certain moment t = t min (shown by arrow in Figs. 3 c,d ) a monotonic decrease of l Z changes into decaying oscillations around the average value l Z = 0. Relaxation of l to XY plane is due to internal damping and follows the law ∝ exp(−γ AFM t) (see Eq. (23) and envelope in Fig. 3d ). The details of relaxation to the precessional state are shown in Fig. 6 where we compare an exact solution (points) of (19) with the asymptotic form (solid line) calculated from the expressions (22), (23) .
In our simulations of AFM dynamics we found that not only l Z , but the rotation frequency Ω, energy dissipation rate and the effective potential energy averaged over a period of rotation (= 2π/Ω) has an extremum at the moment t = t min . This means that the system passes through the crossing between two attraction points in the phase space. So, we interpret the time interval t min as a switching time between two stable states of the FM/AFM bilayer (see Figs. 2 t min depends upon the initial deflection θ 0 of AFM vector from Z axis (or, in other words, from the amplitude of spontaneous fluctuations and, hence, from temperature). However, the current and field behaviour of t min is the same for different initial conditions and correlates with the current (Fig. 7a) and field ( Fig. 7b) behavior of the characteristic time τ of destabilization (22) . Though the absolute values of t min and τ are different, they show good correlation (see inset in Fig. 7a ) in rather wide range of current values. Both values decrease moving far from the stability point J cr . This opens a way to diminish the switching time by increasing the current value or by decreasing the critical current with the magnetic field.
VII. CONTROLABLE SWITCHING OF AFM STATE
From practical point of view it is important to achieve a controllable switching between the different equilibrium states of the FM/AFM bilayer (say, l p cur → l ⊥ p cur or l − p cur ) using the current pulses of minimal duration and amplitude. We investigate dynamics of AFM vector under the rectangular current pulses (schematically shown by red line in Fig.8 ) of different duration and amplitude in overcritical regime (|J| > |J cr |). If pulse duration is below t min , AFM vector returns back to its initial state after the current is switched off. Fig. 8 demonstrates the switching processes initiated by the current pulse J = 2.5J cr with the duration slightly greater than t min . The chosen pulse duration ensures maximum deflection of AFM vector from the initial direction as seen from time dependence of l Z (Fig. 8 a) . After the current is switched off, the AFM vector relaxes to the final static state within XY plane through the damping oscillations during the time 1/γ AFM . Regular rotation around Z axis supported by current also vanishes with the end of current pulse, as seen from Ω behaviour (Fig. 8b) . The final orientation of AFM vector is parallel to one of the easy axes within XY plane (in the presence of field, Fig. 8c ) or can be also anitiparallel to the initial l direction (180
• switching to Z easy axis) in the absence of external field (Fig. 8d) . Due to degeneracy, the final state is very sensitive to the initial conditions and pulse duration and can be predicted only statistically.
VIII. CONCLUSIONS
In summary, we studied the dynamics of AFM layer in the presence of spin-polarized current and external magnetic field.
On the basis of a simple model of slightly tetragonal AFM with two magnetic sublattices we demonstrated the following features of current-induced behavior in the FM/AFM bilayer. 2. Such a current can also induce a stable precession of AFM vector in the plane perpendicular to FM magnetization. The frequency of precession is of the order of frequency of free oscillations and linearly depends on current.
3. The value of critical current can be tuned by application of the external magnetic field. The value of switching time can be tuned by both field and current.
We anticipate the same features in noncollinear AFM with three (like IrMn 3 and Mn 3 NiN) and more (like FeMn) magnetic sublattices.
On the other hand, our model predicts irreversible current-induced switching between the parallel and perpendicular orientations of l and p cur .
This result is the consequence of the chosen tetragonal magnetic anisotropy. In the case when an angle between easy axes of AFM differs from π/2 (like in NiO or FeMn), the current-induced switching seems to be possible between all the configurations of l and p cur as long as l has a nonzero projection on p cur .
The described response of AFM vector to electron current may change the properties of the pinned layer. Due to the weak but nonzero exchange coupling between AFM and FM layers, reorientation or precession of AFM vector results in variation of the exchange bias field and, consequently, gives rise to the shift of switching fields of spin-valve. We illustrate this effect qualitatively in Fig. 9 . Consider a typical spin-valve with the pinned FM layer. Suppose, an AFM layer is inhomogeneous (multidomain) and high density current gives rise to reorientation of AFM vector in some of domains (Fig. 9a) . The ratio of the rotated domains is proportional to the integral current. On the other hand, reorientation of some AFM domains results in diminishing of the exchange bias field that keeps FM magnetization of the pinned layer. Variation of the bias field is also proportional to the ratio of the rotated AFM domains. So, in the presence of current the critical field at which magnetization of the pinned layer is reversed decreases linearly. However, linear shift of the bias field can be also induced by STT between FM layers. If AFM layer is not affected by spin transfer torque, the stability region of AP configuration increases for one current direction and diminishes for an opposite, as shown in Fig. 9b . On the contrary, if spin torque is transferred to an AFM layer and is not transferred between two FM layers, the stability region of antiparallel configuration of FM layers diminishes for any current direction (Fig. 9c) . The last type of current dependence (among others) was observed in the experiments Ref.14. Decrease of the exchange bias field irrespective of current direction was also observed in Ref. 9 .
Linear shift of the bias field induced by the current was observed in nanopillars 7 that included coupled permalloy (FM) and FeMn (AFM) layers. In these experiments a combined application of the magnetic field and highdensity current resulted in an increase of the exchange bias field from -100 to 100 Oe.
Another evidence of STT effects in AFM could be found from the detailed analysis of the field/current dependence of magnetoresistance, as it was done in Refs. 6, [8] [9] [10] . Magnetoresistance of spin valve should depend on the angle between FM and AFM vectors (in addition to the dependence from mutual orientation of FM vectors in "free" and "pinned" layers) and can change due to the current-induced switching of AFM vector.
tions of the second kind with dissipative forces:
ii) The effective potential energy in Lagrange function coincides with the magnetic anisotropy energy (11) .
iii) Rayleigh function is related with the rate of energy losses (3) according to Eq.(10).
Expression for energy losses is obtained from (3) by substitution M 1 = −M 2 = l/2. Contribution from mdepending terms into Rayleigh function is small and so, is neglected. Lagrange approach makes it possible to account for the constraint |l| = 2M 0 (valid far below the Nèel point) by appropriate choice of two generalized coordinates q k (k = 1, 2) instead of three components of vector l, as described in the paper.
